Abstract. Four varieties of Chinese milled rice samples with 11.90-15.56% initial moisture content (IMC, wet basis) were used to determine the rate of moisture adsorption using the gravimetric method at 10, 20, 25, 30, and 35°C under 65%, 86%, and 100% relative humidity (RH), respectively. A moisture diffusion equation was modified to fit the relationship between the moisture ratio (MR) of samples and exposure time. In the range of 65% to 100% RH, the lower IMC of milled rice samples corresponded to higher moisture adsorption rate at temperatures of 10 to 35°C. The moisture adsorption rate of samples increased with an increasing temperature. The moisture sorption rate of samples with the same IMC increased with increasing RH at certain temperatures. A single milled rice kernel was geometrically considered a finite homogeneous cylinder shape, and the analytical solution of the partial differential equation of moisture diffusion was given. The effective moisture diffusivity was calculated using a slope method by plotting the experimental data in terms of ln (MR) versus rewetting time. In the range of 10-35°C, the effective moisture adsorption diffusivity of milled rice kernels with normal moisture was 4.321×10 -9 -1.117×10 -7 m 2 h -1 . For the same IMC, the effective moisture diffusivity of milled kernels tended to increase with increases in surrounding temperature at certain relative humidity levels, but decreased with an increase in RH at certain temperatures. It was concluded that the milled rice samples from different types had similar effective moisture diffusivity when similar IMC was given.
Introduction
In recent years, computer simulations of grain storage have improved grain storage and reduce storage losses [1, 2] . However, simulating the storage of grain is hampered because of insufficient data to predict moisture adsorption rates and effective diffusion coefficients of grains during storage. Only a few studies are available with data on moisture adsorption rates for selected grain materials, especially corn [3] , soybeans [4] , and rice [5] . There are no sufficient data for modeling moisture adsorption rates of milled rice over a range of storage conditions. Moreover, no study has focused on moisture adsorption rates and diffusion coefficients of Chinese milled rice under storage conditions. To maintain the quality of the milled rice during the milling process and storage period, it is important to describe the moisture adsorption rate and effective diffusivity of the milled rice for reducing moisture re-adsorption and preventing moisture transfer in rice bulk.
Material and Methods

Sample Preparation
Three medium grain rice varieties 'Xiangdao,' 'Longyang,' and 'Zhunliang you,' and one short grain variety 'Tuantuan nuo' were used in this study. Both japonica species 'Xiangdao'and 'Longyang' were collected from the Heilong jiang Province, China. The indica species 'Zhunliang you' was from the Hunan Province, China. A glutinosa rice 'Tuantuan nuo' was from Chongqing, China. The paddy samples were milled into milled rice by a polishing machine (LJJM 5588, Taizhou Grain Instrument Limited Co., China). About 150 g sample of paddy were milled into ca. 100 g milled rice at one minute. The initial moisture contents (MCs) of 'Xiangdao,''Longyang,''Zhunliang you,' and 'Tuantuan nuo' milled rice were 15.56%, 14.56%, 11.90% and 12.00%wet basis (w.b.), respectively.
Determination of Changes in Milled Rice Kernel Moisture with Time during Adsorption
The changes in sample moisture with time was determinate by the static gravimetric method [6] with two saturated salt (NaNO 2 and K 2 CrO 4 ) solutions and distilled water to maintain constant vapor pressure at each of five constant temperatures (10, 20, 25, 30 , and 35°C) under 65%, 86%, and 100% RH, respectively. Three wide mouth glass bottles (250 mL) each containing 65 mL salt solution or distilled water were kept in one temperature controlled cabinet to maintain three groups of different RH levels ranging from 65% to 100%. Every relative humidity-temperature combination was conducted in triplicate totaling 45 bottles in the experiment for five sorption isotherms of a milled rice variety. Each sample of milled rice kernels (ca. 5.0000 g) was placed into a small copper wire gauze bucket (3 cm diameter × 4 cm length), and hung in the glass bottle on a copper wire pothook under the rubber plug, 2-3 cm above the saturated salt solutions. The rubber plug was placed tightly inside the mouth of the bottle. After exposing the samples to the saturated vapour, the copper wire buckets with samples were weighed every 2 h for 24 h, thereafter every 4 h until the change in mass between two successive readings was less than 2 mg. When the sample was exposed to a lower temperature, the sample was left longer to equilibrate. However, the rice kernels exposed over the saturated K 2 CrO 4 and distilled water solution at higher temperatures were susceptible to mold growth, and samples were immediately removed if any mold was observed. The moisture content of the sample at this constant stage was defined as the equilibrium moisture content (EMC) and was determined by the oven method. The sample was dried to constant weight under 103.0±0.5°C for 24 h.
Determination of Length and Width of Milled Rice Kernel
The length and width of milled rice kernels were determined by a rice appearance quality detection instrument (JMWT12, Satake, Japan). Approximately 100-200 kernels were used for length and width determination under 65% and 86% RH at each of the five temperatures. For samples under 100% RH, molding kernels were discarded and whole kernels were used for length and width determination.
Determination of Moisture Sorption Rate of Milled Rice Kernels
The diffusion equations have typically been based on the simplifying assumption that grain kernels are homogenous. Page altered the exponential equation by adding an exponent to the time variable to improve the fit of his corn-drying data [7] , which yielded the following form,
Where MR is the average moisture ratio of the material at any given time in decimal form: = ( − ) ( 0 − ) ⁄ ; M t is the average moisture of the material at any given time (t), decimal wet basis; M e is equilibrium moisture content (EMC), decimal wet basis; M 0 is initial moisture content, decimal wet basis; t is time from beginning of the process, h; and k and n are product specific constants.
We give the modified form of Page's equation by
Where θ is temperature (°C); and a, b, k, and n are equation constants. From equation 2,
⁄ is the moisture sorption rate of grain kernels (10 -5 /h). The changes in the average moisture ratio of milled rice kernels with time at combinations of temperature (10 to 35°C) and RH (65% to 100%) were respectively fitted to equation 2 for samples with different initial moisture content (IMC), using the non-linear regression procedure in SPSS 13.0 for Windows [8] . The goodness-of-fit of equation 2 was evaluated using the determination coefficient (R 2 ), residue sum of squares (RSS), standard error (SE), and mean relative percentage error (MRE). The fit of an equation is adequate for practical purposes when MRE is less than 10% [9] .
Determination of Effective Moisture Diffusivity
We assumed the geometry of milled rice kernels was a homogenous infinite cylinder. When diffusion in a milled rice kernel takes place at a constant temperature, the moisture diffusion equation alone is sufficient for describing moisture movement. The governing equation for axi-symmetric mass transfer in this case is given as follows: 
Where MR is the moisture ratio, λ n is the root of a Bessel function of the first kind and zero order; R is the radius of milled rice kernel; L is the half length of a cylinder (mm). If only considering n=(1,2), m=(0,1), the expansion of equation 9 can be shown as follows: 
The effective moisture diffusivity was calculated using a method of slope. It was determined by plotting the experimental data in terms of ln (MR) versus time and using equations 12 and 13, 
Where is effective moisture diffusivity, m 2 h -1 ; B, the slope of linear equation. Equation 13 was used to calculate the effective moisture diffusivity of milled rice kernels under different combinations of temperature and RH.
The Surface Microstructure of Milled Rice Kernels
The surface microstructure of two varieties of 'Xiangdao' and 'Longyang' milled rice was examined using a scanning electron microscope (Hitachi S-230). Prior to SEM examination, the sound kernels were pasted on the sample plat, and then put into a vacuum evaporator and sputtered a thin layer of gold (about 2 nm) onto the sample surface to make it conductive. As shown in Figure 1 , at 65% RH, the desorption rate of 'Xiangdao' milled rice with IMC 15.56% at 20°C to 35°C quickly decreased within 48 h, whereas its adsorption rate at 10°C slowly decreased. At 86% and 100% RH, the variation trends in adsorption rate of 'Xiangdao' milled rice at 10°C to 35°C quickly decreased within 48 h. Compared to 100% RH, the five adsorption rate curves at 86% RH clearly varied according to temperature. With an increase in RH, the initial adsorption rate of 'Xiangdao' milled rice was greater at the same temperature. At the same RH, the variation trends in sorption rate of 'Longyang' milled rice with IMC 14.56% at 10°C to 35°C were similar to those of 'Xiangdao' milled rice with IMC 15.56%. At 65% RH, the initial desorption rates of 'Longyang' at 20-35°C were lower than those of 'Xiangdao' milled rice; however, its adsorption rate at 10°C was higher than that of 'Xiangdao' milled rice. At 86% and 100% RH, 'Longyang' with IMC 14.56% had higher initial adsorption rates at 10-35°C than 'Xiangdao' with IMC 15.56% under the same conditions. As shown in Figure 2 , at 65% RH, the adsorption rate of 'Zhunliang you' with IMC 11.90% at 20°C to 35°C quickly decreased within 48 h, whereas its adsorption rate at 10°C slowly decreased within 72 h. At 86% and 100% RH, the variation trends in adsorption rate of 'Zhunliang you' milled rice at 10°C to 35°C were similar to those at 65% RH. With an increase in RH, the initial adsorption rate of 'Zhunliang you' milled rice became greater at the same temperature. Compared to 86% and 100% RH, the five adsorption rate curves at 65% RH clearly varied according to temperature. The variation trends in adsorption rate of 'Tuantuan nuo' with IMC 12.00% at 10°C to 35°C were similar to those of 'Zhunliang you' with IMC 11.90%. Moreover, the initial adsorption rates of 'Tuantuan nuo' with IMC 12.00% at various combination of temperature and RH were slightly lower than those of 'Zhunliang you' with IMC 11.90%. These results showed that the initial rate of moisture adsorption in four milled rice samples was influenced by the IMC, temperature, and RH. It increased with increasing temperature at certain RH levels, and increased with increasing RH levels at certain temperatures. The lower the IMC of milled rice, the higher the rate of moisture adsorption.
Results
The Coefficients of Equation 2
Changes in Length and Thickness of Milled Rice Kernels during Sorption
At the same RH, the length of 'Xiangdao', 'Longyang' and 'Zhunliang you' milled rice kernels showed no significant difference between different temperatures, except that the length of 'Zhunliang you' milled rice with IMC 11.90% was significantly higher than that of 'Xiangdao' with IMC 15.56% at the combination condition of 86% RH and 30-35°C, and 100% RH and 25-30°C (data not shown).
There was similar kernel length between 'Xiangdao' and 'Longyang' milled rice, and between 'Longyang' and 'Zhunliang you' milled rice. The length of 'Tuantuan nuo' milled rice with IMC 12.00% showed the smallest values than those of the other three varieties of milled rice kernels at the same RH. No significant differences in kernel length occurred for equilibrated samples of the four varieties of milled rice with an increase in RH at the same temperature.
Under the same combination of temperature and RH, among the equilibrated samples of four varieties of milled rice, the kernel width of 'Tuantuan nuo' with IMC 12.00% was significantly higher than those of 'Xiangdao' with IMC 15.56% and 'Longyang' with IMC 14.56%, and slightly higher than that of 'Zhunliang you' with IMC 11.90%. The two varieties of 'Xiangdao', and 'Longyang' milled rice had similar kernel width. No significant differences in kernel width occurred for four varieties of milled rice with an increase in RH at the same temperature.
The ratios of length to width of milled kernels were 2.43-2.69 and 2.54-2.67 for 'Xiangdao' and 'Longyang,' respectively, which indicated that both japonica rice varieties were medium grain type (2.0-2.9). The ratios of length to width of milled kernels were 2.68-2.89 and 1.79-1.96 for 'Zhunliang you' (indica rice) and 'Tuantuan nuo' (glutinosa rice), respectively, which indicated that they were medium and short grain type, respectively. Table 2 shows the effective moisture diffusivity of the four milled rice varieties with different initial moisture content (IMC). At the same RH, the sorption effective moisture diffusivity of the four milled rice varieties tended to increase with increasing temperature. At the same temperature of 10-20°C, the sorption effective moisture diffusivity of 'Xiangdao' milled rice with IMC 15.56% shows a decrease with increasing RH from 65% to 100%; however, from 25°C to 35°C, its values at 86% RH were higher than at 65% and 100% RH. At 10°C, the sorption effective moisture diffusivity of 'Longyang' milled rice with IMC 14.56% shows a decrease with increasing RH from 65% to 100%, but from 20 to 35°C the values at 86% RH were higher than at 65% and 100% RH. To equilibrated samples of milled rice with lower IMC, at the same temperature, the adsorption effective moisture diffusivity of both 'Zhunliang you' with IMC 11.90% and 'Tuantuan nuo' with IMC 12.00% showed a decrease with increasing RH from 65% to 100%.
Changes in Effective Moisture Diffusivity of Milled Rice Kernels during Sorption
The desorption effective moisture diffusivity of the two japonica milled rice varieties with IMC 14.56-15.56% at 65% RH tended to increase with increasing temperature in the range of 20-35°C. These two japonica milled rice varieties with IMC 14.56-15.56% at 10°C exhibited increasing adsorption effective moisture diffusivity with decreasing RH from 100% to 65%. At similar IMC, these two japonica milled rice varieties had similar effective moisture diffusivity. Under the same conditions of temperature and RH, the range of effective moisture diffusivity in 'Xiangdao' milled rice at normal IMC (4.484×10 -9 -1.506×10 -8 m 2 h -1 ) was similar to that of 'Longyang' milled rice (4.321×10 -9 -1.484×10 -8 m 2 h -1 ).
Similar to'Xiangdao' and 'Longyang' milled rice, the adsorption effective moisture diffusivity of an indica milled rice 'Zhunliang you' and a glutinosa milled rice 'Tuantuan nuo' milled rice tended to increase with increasing temperature under the same RH. Under the same conditions of temperature and RH, the range of adsorption effective moisture diffusivity in 'Zhunliang you' milled rice at lower IMC (5.258×10 -9 -7.195×10 -8 m 2 h -1 ) was similar to that of 'Tuantuan nuo' milled rice (6.117×10 -9 -1.117×10 -7 m 2 h -1 ); the adsorption effective moisture diffusivities in 'Zhunliang you' and 'Tuantuan nuo' milled rice with 11.90%-12.00% IMC tended to be higher than those of 'Longyang' and 'Xiangdao' milled rice with 14.56%-15.56% IMC. Figure 3 shows the surface microstructure of milled rice kernels with normal moisture. The rice kernel is composed of cell structures and each cell contains many starch granules. The rice protein acts as a bio-adhesive that binds the discrete cell structures and starch granules. The integrity of the endosperm is maintained by two kinds of interfaces: the cell wall interfaces and the interfaces between starch granules. Two varieties of 'Xiangdao' and 'Longyang' milled rice had similar cell wall interfaces and the interfaces between starch granules, maybe indicating the similar hygroscopic properties.
Summary
The moisture transport rate depended on the current values of the temperature and moisture content inside the milled rice kernel, at 65% to 100% RH, the lower initial moisture content (IMC), the higher the adsorption rate of milled rice at 10 to 35°C. The adsorption rate and effective moisture diffusivity of milled rice kernels increased with increasing temperature at the same IMC and RH. At the same IMC and temperature, the adsorption rate of milled rice kernels increased with increasing RH, but their effective moisture diffusivity decreased with increasing RH. Given similar initial moisture content, it was concluded from the kernel surface microstructure that the Chinese milled rice samples from different types had similar adsorption effective moisture diffusivity. Further work is needed to explore the relationship between paddy moisture adsorption rate and rice crack.
